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Introduction
Dentine is a mineralized tissue, which comprises a composite material of a collagenous matrix reinforced with hydroxyapatite crystals. It is formed by differentiated odontoblasts, which synthesize collagenous and noncollagenous proteins that serve as a template for mineralization due to their calcium-binding properties and induction of crystal nucleation. Beyond that, these proteins serve as intracellular signals, which control events such as cell migration, proliferation, apoptosis or differentiation. These cellular events are highly regulated; they occur during development to control morphogenesis, but are re-activated later to orchestrate repair and regenerative processes. Signalling molecules in their active form have a short half-life, but binding to extracellular matrix components such as proteoglycans or different types of collagen can preserve their bioactivity (Sch€ onherr & Hausser 2000 , Baker et al. 2009 ). After secretion during tooth development, they become embedded in the mineralized matrix, immobilized in an inactive state but ready to be re-activated after release from their bond. Dentine-producing cells form a layer lining the pulp chamber and leave a cellular process behind, giving dentine its tubular structure. The various growth factors, cytokines and neurotrophic factors that can be found in dentine are thus fossilized in the dentine matrix (Smith et al. 2012) , and more than 230 proteins have been recently identified by proteomic analysis of dentine samples of different donors (Park et al. 2009 ). These include transforming growth factor b1 (TGF-b1), fibroblast growth factor 2 (FGF-2), bone morphogenetic protein 2 (BMP-2), platelet-derived growth factor (PDGF) and vascular endothelial growth factor (VEGF), which regulate cell proliferation, differentiation, matrix synthesis and angiogenesis (Silva et al. 2004 , Smith et al. 2016 . Furthermore, noncollagenous proteins such as dentine sialoprotein, dentine phosphoprotein, bone sialoprotein, dentine matrix acidic phosphoprotein 1 or osteopontin play roles not only as nucleating factors during biomineralization but also in the regulation of cellular behaviour (Qin et al. 2004 , Smith et al. 2012 . It has been speculated that bioactive factors, which are released after dentine demineralization in carious lesions, by application of acidic dental materials or conditioning with EDTA (ethylenediaminetetraacetic acid), which withdraws calcium ions from the hydroxyapatite crystal lattice, can stimulate tissue repair by promotion of proliferation and differentiation of dental pulp cells (Chun et al. 2011 , Lee et al. 2015 . Different preparations such as dentine chips, solubilization of dentine with EDTA and lyophilization, or decellularization of the dentine matrix have been described in the literature (Tabatabaei et al. 2016a) . After exposure of the dental pulp, application of dentine matrix components have been demonstrated to induce tissue repair and mineral formation (Tziafas et al. 1995) . Conditioning of dentine surfaces results in chemotactic effects on dental pulp cells and promotes cell adhesion and differentiation (Galler et al. 2016) , and EDTA-soluble dentine compounds induce odontoblastic differentiation and mineral deposition (Liu et al. 2005 , Chun et al. 2011 , Lee et al. 2015 . In vivo experiments have demonstrated the differentiation of dental pulp stem cells in contact with an EDTA-treated dentine surface, which was abolished if dentine was rinsed with sodium hypochlorite (Galler et al. 2011) . Thus, dentine constitutes a bioactive matrix that is easily accessible and might be a valuable source of endogenous growth factors for regenerative therapeutic approaches. Clinical protocols for pulp regeneration in immature teeth with incomplete root formation include the use of EDTA to rinse the root canal, amongst other beneficial factors to release growth factors on the dentine surface to promote tissue regeneration (Galler et al. 2015) . For dental pulp tissue engineering, dentine-derived growth factors have been proposed for a cell-homing approach to regenerate pulp tissue (Galler et al. 2014 , Smith et al. 2016 . Thus, future clinical treatment could benefit from an exposure and release of an array of growth factors already residing in mineralized tissues. To make this clinically applicable, there is a need for efficient isolation protocols of dentine matrix proteins, more thorough analysis of the nature, composition and quantities of dentine-derived bioactive factors, along with a better understanding of their effects on behaviour of human pulp cells. This study aimed to address these issues, namely to establish an efficient protocol to isolate matrix proteins from human dentine and to assess their effects on viability, proliferation, apoptosis, migration, differentiation and mineralization of dental pulp cells.
Materials and methods

Isolation and characterization of dentine matrix proteins
Human third molars scheduled for extraction were collected from donors aged 15 to 25 years after informed consent and with approval by an appropriate review board at the University of Regensburg. Enamel and cementum were removed with a diamond bur, and teeth were stored in phosphate-buffered saline (19 PBS without Ca 2+ , Mg 2+ , Biochrom GmbH, Berlin, Germany) at 4°C. After removal of soft tissues to avoid protein impurities, the remaining pieces of dentine were crushed and ground with a mixer mill (Mixer Mill MM 200, RETSCH GmbH, Haan, Germany) for 90 s at 25 s À1 under constant cooling to prevent denaturation of matrix proteins. Approximately 10 teeth were pooled to obtain 10 g of dentine powder, which was collected in 10 mL of PBS at 4°C (Fig. 1a) . After centrifugation, the supernatant was discarded and the pellet resuspended in 15 mL of 10% EDTA (269 mmol L
À1
; EDTA Disodium Salt Dihydrate BioChemica, AppliChem GmbH, Darmstadt, Germany). To promote superficial demineralization of the dentine particles and solubilization of dentine matrix proteins by the chelating agent, the suspension was kept in motion on a rotary shaker at 250 min À1 for 30 min on ice. EDTA supernatant, which contained dissolved proteins, was collected by centrifugation and purified from dentine remnants with a series of syringe filters with decreasing pore sizes (1. (Fig. 1a) . Five batches of extracted dentine matrix proteins (eDMP) were generated and spent for the following experiments. For eDMP, characterization total protein concentration was determined by BCA assay (Bicinchoninic Acid solution, Sigma-Aldrich, St. Louis, MO, USA). TGF-b1, BMP-2 and VEGF as relevant growth factors in eDMP were quantified via ELISAs (Quantikine â ELISA Kit, R&D Systems Inc., Minneapolis, MN, USA). As TGF-b1 is the most abundant growth factor in the eDMP mixture, its concentration was used as a reference for all samples. After eDMP isolation and concentration, aliquots containing 40 000 pg mL À1 TGF-b1 were generated and stored at À80°C.
Cell isolation, proliferation and viability
Primary dental pulp cells were isolated from human third molars and cultured as described previously (Galler et al. 2006) . The effect of eDMP on proliferation and viability of human pulp cells was analysed over a 3-week period. Cells of passage 3 were seeded into 96-well plates (4 9 10 3 per well) and cultured to 70% confluence with medium supplemented by 10% foetal bovine serum (FBS), and at this time-point (day 0), serum concentration was reduced to 1% FBS. Cells received no further supplements (control) or recombinant human TGF-b1 at 1000 pg mL
À1
. Different amounts of eDMP with final concentrations from 100 to 1000 pg mL À1 TGF-b1 in culture media were adjusted for test groups, below referred to as eDMP 100, 200, 500 and 1000. Media were changed three times weekly, and measurements were carried out at days 1, 3, 5, 7, 10, 14 and 21.
To quantify cell numbers, cells were washed twice with PBS and immediately frozen at À80°C. After sample collection was complete, plates were thawed and 200 lL per well CyQUANT â GR dye/cell-lysis buffer was added (CyQUANT â Cell Proliferation Assay Kit, Life Technologies, Carlsbad, CA, USA). Subsequent to incubation for 5 min at room temperature, fluorescence was measured on a microplate reader with filters for excitation at k = 485 nm and emission at k = 535 nm (Infinite â 200, Tecan, Männedorf, Switzerland). Cell numbers were calculated based on fluorescence signals and adequate standard curves according to the manufacturer's instructions. For determination of viability, medium was replaced by 100 lL per well of 0.5 mg mL À1 methylthiazolyldiphenyl-tetrazolium bromide (MTT; Thiazolyl Blue Tetrazolium Bromide, Sigma-Aldrich) and cells were incubated at 37°C in a 5% CO 2 atmosphere for 60 min. The converted dye was dissolved, and optical density was measured on a microplate reader at k = 570 nm (Infinite â 200, Tecan).
For proliferation and viability, three independent experiments with cells from three different donors were conducted with triplicate samples (n = 9). Median values and 25-75% percentiles were computed. Data sets were merged to calculate the optical density (cell viability) per cell for cultures from the same donor (n = 3), and results were depicted in relation to untreated control (1% FBS), which was set to 100% for each day.
Apoptosis
Human pulp cells were seeded in six-well plates (1 9 10 5 per well) and cultured to 70% confluence.
Test and control groups were established as described above (no supplements, 2500 pg mL À1 recombinant TGF-b1 and eDMP 100-1000). Culture media were changed daily. At day three, cells were stained with annexin V-FITC (Annexin) and propidium iodide (PI), and apoptotic and necrotic events were analysed in a flow cytometer (FACSCanto TM , BD Biosciences, San Jose, CA, USA) by means of a 530/30 bandpass filter for detection of FITC fluorescence and a 650 long-pass filter for detection of PI fluorescence. Data acquisition and analyses were performed with the FACSDiva TM Software (BD Biosciences) with at least 10 000 events for each sample. Different cell states were visualized in density plots divided into four quadrants and quantified as percentage of total events. Four experiments with cells from different donors were performed with duplicate or triplicate samples (n = 10), and median values with 25-75% percentiles were computed.
Cell migration
Chemotactic effects by eDMP on human pulp cells were analysed in a modified Boyden chamber assay as described previously (Galler et al. 2016 ). 2 9 10 5 pulp cells of passage three were seeded on top of an insert membrane with 8 lm pore size in 24-well plates (Corning â Transwell â polycarbonate membrane cell culture inserts, Sigma-Aldrich). Cells were cultured to confluence in 100 lL per well aMEM with 1% FBS to separate each insert into upper and lower compartment. After 5 h, the medium in the upper compartment was renewed and the lower compartment was charged with medium containing 1% FBS and supplemented with eDMP to adjust concentrations to 1, 10, 100, 1000 and 10 000 pg mL À1 TGF-b1 (eDMP 1-10 000) or with 10 000 pg mL À1 recombinant TGF-b1 in culture medium. Controls included aMEM with 20% FBS (positive control) or 1% FBS (negative control) in the lower chamber. After 24 h, cells were removed from the top of the membrane with cotton swabs. Cells at the bottom were stained with 0.02% crystal violet (Crystal Violet, Sigma-Aldrich) and quantified spectrophotometrically at k = 600 nm (Infinite â 200, Tecan). Medians and 25-75% percentiles were calculated in relation to the positive control, which was set to 100%. Four experiments were conducted with triplicate samples and with pulp cells from four different donors (n = 12).
Gene expression
To assess the effect of eDMP on gene expression, realtime quantitative PCR (RT-qPCR) was performed as described before (Widbiller et al. 2016b) . Primers were designed and synthesized (Eurofins MWG Synthesis, Ebersberg, Germany) as follows: collagen type I a1 (COL1A1, NM_000088), alkaline phosphatase (ALP, NM_000478), dentine sialophosphoprotein (DSPP, NM_014208), dentine matrix acidic phosphoprotein 1 (DMP1, NM_001079911), osteopontin (OPN, NM_000582), osteocalcin (OCN, NM_199173), runtrelated transcription factor 2 (RUNX2, NM_0010 15051), msh homeobox 2 (MSX2, NM_002449), distal-less homeobox 5 (DLX5, NM_005221) and 40S ribosomal protein S18 (RPS18, NM_022551) as housekeeping gene (Table 1 ). Similar efficiencies of target genes and housekeeping genes were determined in pilot experiments and ranged from 1.8 to 2.2. Human pulp cells of passage 3 were seeded (2 9 10 3 per well) and cultured in 12-well plates. At 70% confluence, media in test groups were 
Statistical analysis
Data were treated nonparametrically, and results were analysed pairwise using the Mann-Whitney U-test on the a = 0.05 level of significance (SPSS, version 23.0, SPSS Inc., Chicago, IL, USA). Selected results of statistical analyses were depicted in the respective figures, whereas a detailed record of P-values can be found in the supplementary information (Tables S1 to S4 ).
Results
Characterization of eDMP
Characterization of five different batches of eDMP attested reproducibility for the isolation procedure with low variabilities regarding to single protein proportions. Total protein concentration varied from 3000 to 4100 lg mL
À1
. Quantities of TGF-b1, BMP-2 and VEGF amounted to 16.3, 0.2 and 0.1 pg lg À1 of total protein mass, respectively (Fig. 1b) .
Cell proliferation and viability
Neither recombinant TGF-b1 nor low concentrations of eDMP (≤ 200 pg mL À1 TGF-b1) had significant impact on cell proliferation. However, eDMP 1000 decreased cell proliferation significantly after day 5 (P = 0.014) and eDMP 500 after day 7 (P = 0.023) (Fig. 2a) . eDMP 200 to 1000 led to a significant initial increase in cell viability at day 1 (P ≤ 0.050), but induced an inverse effect at later time-points by increasing amounts of eDMP in concentration-dependent manner (Fig. 2b ). Differences were significant compared to controls for eDMP 500 and 1000 after day 5 (P ≤ 0.050), and eDMP 100 and 200 after day 10 (P ≤ 0.031). Calculation of cell viability per cell revealed that the metabolic activity oscillated around untreated control GACCCAAGAAACCAAAGTCTGCC  GAGGGAGCAAAGGCTGGAGG  95  84  DSPP  AGCCACAAACAGAAGCAACAC  GACAACAGCGACATCCTCATT  97  78  DMP1  GCAGAGAGTCAGAGCGAGGAA  CCGTGGAGTTGCTATCTTCTTTG  91  79  OPN  ATAAGCGGAAAGCCAATGATGAGAG  GGGTCTACAACCAGCATATCTTCA  130  79  OCN  GGCACCCTTCTTTCCTCTTCCC  CCCACAGATTCCTCTTCTGGAGTTT  114  83  RUNX2  CTCCACCCACCCAAGCAGAA  GTTTGAGAAGGACCAGAGAACAAGG  80  79  MSX2  GTTTCCTCTCCCTCTCCACGAA  TGCCTCCGCCTACAGAACAA  132  84  DLX5  GATGACAGGAGTGTTTGACAGAAGG  GGGCTGTAGTAGTCAGAATCGGTAG  150  84  RPS18  AAATAGCCTTTGCCATCACTGCC  GTCAATGTCTGCTTTCCTCAACACC  80  79 Dentine matrix proteins Widbiller et al.
(100%), with variabilities between cells from different donors (Fig. 2c) . Only after day 14, eDMP clearly reduced cell viability per cell in a concentration-dependent manner. Detailed information on statistical analyses is provided in the supplementary information (Tables S1 and S2 ).
Apoptosis
Flow cytometry revealed negligible and nonsignificant apoptotic effects of eDMP on human pulp cells (P ≥ 0.089; Fig. 3a) . The proportion of viable cells ranged from 60% to 90% with a low point at eDMP 200 and 500, and a restitution at eDMP 1000 (Fig. 3b) . Whilst around 10% of the populations showed a necrotic state (PI), up to 15% of the cells were existent in a late apoptotic stadium (Annexin + PI), which was statistically significant for eDMP 200 (P = 0.035) and nearly significant for eDMP 500 (P = 0.052).
Cell migration
eDMP induced migration of human pulp cells in a concentration-dependent manner (Fig. 4) , where concentrations as low as 10 pg mL À1 TGF-b1 (eDMP 10) triggered significant chemotactic effects compared to the negative control (P = 0.006). The peak of cell migration was observed for eDMP 1000, which reached 80% of the positive control (P = 0.020) and exceeded effects observed for recombinant TGF-b1 (P = 0.010).
Gene expression
The regulation of differentiation-and mineralizationassociated genes indicated the transition of dental pulp cells into an odontoblastic phenotype (Fig. 5a ). Most prominent changes were observed for COL1A1, which was upregulated more than thirtyfold at day 7 with decreasing levels at day 14 and 21. ALP levels were lower compared to controls and continued to decrease with prolonged exposure of cells to extracted dentine matrix proteins. DSPP, DMP1, OPN and OCN were upregulated between four-and twentyfold throughout the culture period. Increased mRNA levels were observed for RUNX2 at days 7 and 14, declining with the duration of the experiment. MSX2 expression was upregulated in cell cultures with eDMP, whereas DLX5 levels remained more or less unchanged.
Mineralization
Alizarin staining after culture of human dental pulp cells with eDMP revealed distinct signs of calcification (Fig. 5c,d ), but none in controls (Fig. 5b) . Mineralization appeared in the form of small nodules as well as dense areas around the cell bodies.
Discussion
Preparation and characterization of dentine matrix proteins
Human dentine harbours a plentiful mixture of collagenous and noncollagenous proteins in specific concentrations and proportions (Chun et al. 2011 , Smith et al. 2012 . After their release, a complex interplay and synergistic effects of these bioactive molecules must be expected (Smith et al. 2012 (Smith et al. , 2016 . Therefore, several groups have extracted compounds from human dentine by use of decalcifying agents, such as EDTA, or by enzymatic digestion (Smith et al. 1990 , Chun et al. 2011 , Lee et al. 2015 . The extracts were supplemented with protease inhibitors and underwent dialysis and finally lyophilization before further utilization in in vitro and in vivo experiments (Smith et al. 1990 , Chun et al. 2011 , Lee et al. 2015 . The described methods may produce defined concentrations and proportions similar to dentine, but it remains uncertain whether decalcification for several weeks, the dialysis procedure, the addition of protease inhibitors or the process of lyophilization affect the bioactivity or alters the composition of proteins due to degradation. The protocol described here optimized the procedure in several aspects: isolation is straightforward and takes only few hours, and purification provides highly concentrated dentine matrix proteins in physiological solution. eDMP preparations were reproducibly obtained from dentine powder by use of EDTA and centrifugal filters. The total amount of isolated TGF-b1 was reproducible and ranged between 8 and 12 ng per tooth. Extracts were processed without any additives or stabilizing agents that might alter the physiological composition. Thus, the described protocol provides a feasible method for the extraction of dentine matrix proteins that can further be used for cell culture experiments, in vivo studies or tissue engineering applications. Despite the complex composition of dentine matrix, studies have demonstrated that TGF-b1 dominates not only quantitatively, but also by its pronounced biological effects as a key player of tissue-specific regulatory mechanisms, namely cell-cycle control, differentiation, extracellular matrix formation, angiogenesis, chemotaxis and the induction of apoptosis (Smith et al. 2012 (Smith et al. , 2016 . Although the influence of dentine matrix proteins on cells may very well be attributed to the specific interplay of various Medians and 25-75% percentiles were calculated from four independent experiments performed at least in duplicates (n = 10). Asterisks denote significantly different test groups compared to control (P ≤ 0.05).
morphogens, it appeared feasible to use TGF-b1 as a reference for the total amount of eDMP and to interpret the data with a focus on TGF-b1-related effects.
Cell proliferation and viability
Cell culture experiments were conducted with a heterogeneous population of primary human pulp cells from several different donors to take donor variability into account. Thus, the presented results should be generally applicable to dental pulp cells and not be owed to donor-specific cell characteristics. Several studies on the effects of growth factors or dentine matrix proteins on pulp cells can be found in the literature; however, some used recombinant proteins (He et al. 2008 , Mullane et al. 2008 or concentrations of growth factors were chosen arbitrarily (Chun et al. 2011 , Lee et al. 2015 . Previous work has defined a distinct range of concentrations which could be isolated from root canals in an ex vivo model after ultrasonic activation of irrigation solutions (Widbiller et al. 2016a) . Therefore, eDMP was applied with final concentrations of TGF-b1 between 100 and 1000 pg mL À1 to meet a range that can realistically be isolated from root canals in a clinical setting. Dentine matrix proteins affected proliferation of human pulp cells in a concentration-dependent manner. Specifically, eDMP amounts exceeding final concentrations of 500 pg mL À1 TGF-b1 exerted antiproliferative effects, whereas recombinant TGF-b1 did not. Cell viability and proliferation were mostly overlapping. Normalized data on cell viability per cell showed no effect until day 21, when a concentration-dependent decline in cell metabolism was observed. Previous studies describe significant stimulatory effects of dentine proteins on growth and viability of dental pulp cells after 72 h (Lee et al. 2015 , Tabatabaei & Torshabi 2016b , which was inverted with higher concentrations (Tabatabaei & Torshabi 2016b) . Antimitogenic effects are most likely due to TGF-b, which is known to inhibit growth of various cell types (Massagu e 2000). As control cells cultured with recombinant protein were barely affected, the observations may be based on the orchestrated effects of various dentine-derived morphogens, which may act via the TGF-b-Smad pathway (R-Smad 2/3) or the BMP-Smad pathway (R-Smad 1/5/8) (Wrana 2013) .
Apoptosis
TGF-b is known as a tumour suppressor and induces apoptosis by activation of Smads, which has been described for numerous cell types (Schuster & Krieglstein 2002 , Miyazono et al. 2004 . The flow cytometry data show a moderate apoptotic effect of eDMP and recombinant TGF-b1 on human pulp cells after 3 days. Whereas lower eDMP concentrations produced more cells in a state of late apoptosis, the higher test concentration procured a higher percentage of vital cells. A pattern was noticed before, and the authors concluded that dentine matrix proteins may possess anti-apoptotic potential due to activation of Akt1 and reduced caspase-3 activity (Lee et al. 2015) . Another reason might be the presence of dentine phosphoprotein in eDMP, which reportedly suppressed apoptosis in rat pulp cells (Fujisawa et al. 2008) .
Cell migration
Chemotaxis plays a pivotal role during wound healing and repair, but may also be used for cell-homing approaches in dental pulp tissue engineering. Dentine matrix proteins exerted significant and concentrationdependent chemotactic effects on pulp cells, even at concentrations as low as 10 pg mL À1 TGF-b1 in culture medium. Whereas previous studies described chemotactic effects with the optimum at 10 000 pg mL À1 recombinant TGF-b1 (Howard et al. 2010) , eDMP 1000 revealed a higher chemotactic impact in this set-up. Higher amounts induced an increase of pH, which might be the cause of decreased migration.
Gene expression and mineralization
The data on changes in mRNA levels induced by eDMP indicate a differentiation of dental pulp cells into odontoblast-like cells, which confirms observations made in earlier studies (Liu et al. 2005 , Chun et al. 2011 . Differentiation is subject to complex regulatory mechanisms in which dentine morphogens seem to play a decisive role (B egue-Kirn et al. 1992, Miyazono et al. 2004 , Rahman et al. 2015 . BMPs and TGF-b activate cytoplasmic serine/threonine kinases, which sets the course for cell differentiation via the Smad pathway, either by direct regulation of gene expression or by physical interaction of regulating proteins (cofactors), such as Runx2 (Massagu e 2000, Miyazono et al. 2004 , Rahman et al. 2015 . With reference to the existing literature, these results lead to the assumption that Runx2 is a decisive factor to determine cell fate towards the odontoblast or osteoblast lineage (Chen et al. 2005 , Li et al. 2011 , Zanini et al. 2012 . Amongst others, proteins of the homeobox family (Dlx5, Msx2) co-regulate this process (Bidder et al. 1998 , Shirakabe et al. 2001 , Miyazono et al. 2004 , Stein et al. 2004 , Komori 2006 , Rahman et al. 2015 . During osteogenic differentiation, BMPs facilitate DLX5 expression, which leads to an upregulation of RUNX2. On the contrary, during odontoblast differentiation TGF-b diminishes transcription of DLX5. Consecutively, RUNX2 expression is diminished and osteoblast differentiation confined in favour of the odontoblast phenotype (Miyazono et al. 2004 , Stein et al. 2004 , Rahman et al. 2015 . Msx2, a homeobox protein mainly expressed in maturing odontoblasts, may inhibit osteoblast differentiation by protein interaction with Runx2, whilst Dlx5 is able to alleviate this effect (Bidder et al. 1998 , Shirakabe et al. 2001 , Komori 2006 . Furthermore, TGF-b restricts the osteoblast lineage by activation of Smad3, which forms the Smad3-Runx2 complex by protein interaction, and thus represses the transcriptional activity of Runx2 (Miyazono et al. 2004) . Downregulation of RUNX2 is prerequisite for cells to proceed towards the odontoblast lineage and appears characteristic for differentiating odontoblasts (Gaikwad et al. 2001 , Chen et al. 2005 , Li et al. 2011 , Widbiller et al. 2016b . In accordance with this data, a continuous decrease in RUNX2 expression, an upregulation of its inhibitor MSX2 at days 7 and 14, and negligible changes in DLX5 expression were observed. Additionally, levels of odontoblastic marker genes such as DSPP, DMP1, COL1A1 and OPN were markedly increased in cells cultured with dentine matrix proteins. Expression of DSPP and DMP1 is characteristic during odontoblast differentiation; it has been described for pulp cell cultures stimulated with TGF-b (He et al. 2008 ) and as BMP-2-dependent expression for stem cells from human-exfoliated deciduous teeth (Casagrande et al. 2010) . Osteocalcin, a marker for late odontoblast differentiation that is regulated by MSX2, is increased at all measuring time-points with a slight decline reciprocally to MSX2 after 3 weeks (Bidder et al. 1998 , Simon et al. 2009 .
Alkaline phosphatase, a membrane-bound glycoprotein that is expected to be upregulated in mineralizing cells, was downregulated and decreased steadily during the experimental period. Although conflictive with some precedent studies (Lee et al. 2015 , Sadaghiani et al. 2016 , reduced ALP expression has been reported in both in differentiating pulp cells (Liu et al. 2005 , Simon et al. 2009 , Widbiller et al. 2016b as well as in osteoblasts of Runx2-deficient mice (Komori et al. 1997 , Stein et al. 2004 . Further investigations are needed to determine the exact role of ALP during odontoblast differentiation.
Conclusion
Dentine-derived matrix proteins induce cell migration, regulate cell growth and promote differentiation of dental pulp cells. As they can easily be isolated from root canals by ultrasonic activation of irrigants, a special market approval does not seem necessary. Therefore, dentine might be an accessible and useful source of endogenous signalling molecules that might be supplemented to scaffold materials in terms of regenerative approaches to tissue engineer the dentine pulp complex.
Supporting Information
Additional Supporting Information may be found in the online version of this article: Table S1 Cell proliferation, P-values of pairwise tests of control and experimental groups against each other for each time as calculated by Mann-Whitney U-test Table S2 Cell viability, P-values of pairwise tests of control and experimental groups against each other for each time as calculated by Mann-Whitney U-test. 
